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ABSTRACT
This thesis deals with the synthesis of [2]rotaxanes with single and double sites of 
recognition, containing pyridinium ethane units in their linear components.
In the first part, one pyridinium ethane axle with a triethylphosphonium group on 
one end was synthesized and the possibility of its complexation with 24C8 derivatives 
was investigated. Association constants for pseudorotaxane formation were determined 
by  ̂H NMR spectroscopy. Although [2]pseudorotaxane formation was limited due to the 
bulk of the PR4  ̂stopper, [2]rotaxanes were formed utilising 24-crown-8 ether, benzo-24- 
crown-8 ether and naphtho-24-crown-8 ether. Characterization of these compounds was 
achieved by and * H NMR spectroscopy and also by mass spectrometry. The crystal 
structure of the [2]rotaxane containing 24C8 was determined. The dynamic “flip-switch” 
activity of the asymmetric crown ethers was analysed by variable temperature NMR 
experiments and two translational isomers for each were observed.
The second part of the thesis describes the novel synthesis of a [2] rotaxane 
molecular shuttle containing two identical ethane sites connected by a bipyridinium 
centre in the thread component. The symmetrical DB24C8 ring shuttles between the two 
sites. The originality of the method consists of first creating one bonding site, then 
introducing the crown ether, the second site and stopper at the same time. Identification 
of this compound was achieved by * H NMR spectroscopy and mass spectrometry. The 
shuttling motion was analysed by variable temperature NMR experiments. The free 
energy of activation and the rate constant of the shuttling process were determined by full 
line shape simulation using gNMR software. In addition, the effect of the solvent on the
ill
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motion of the crown was investigated. It was determined that the shuttling of the crown 
between the two sites is faster in acetonitrile than in methylene chloride.
IV
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Machines, assemblies of components designed to achieve specific functions, are 
of great importance and used in everyday life. The demand for increasingly sophisticated 
technologies is encouraging scientists to think more on the nanometer scale in the quest 
for more efficient ways of writing, storing, processing, reading, and transferring 
information'’̂ . Lithographic techniques used in today’s production of miniaturized 
silicon-based transistors pursued by the “top-down” approach may be reaching their limit, 
and a new approach is needed to handle the vast amounts of information on the 
nanometer scale .̂ The alternative is a “bottom-up” approach, starting from atoms and 
molecules. To meet this challenge, chemists have been extending the concept of 
macroscopic machines to the molecular level'''^.
1.1.2 The Concept of a Machine at the Molecular Level
The concept of a machine at the molecular level is not a new one; R. Feynman 
posed this challenge in his famous address® entitled “There is Plenty of Room at the 
Bottom” to the American Physical Society in December of 1959. The idea of actually 
constructing artificial molecular machines is a recent one.
The earliest examples of synthetic molecular machines were reported^ in the early 
1980s. They were examples of simple molecular machines based on the 
photoisomerization of azobenzene to form a photo-tweezer. In the last 15 years, 
supramolecular chemists have exploited the fundamental concepts of self-assembly,
1
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self-organization and self-replication to transform Feynman’s ideas into contemporary 
scientific research.
1.13 Defining Molecular-Level Machines
Molecular machines, like macroscopic machines, are characterized by the kind of 
energy input supplied to make it work. In the case of molecular-level machines, this may 
need to be a cold chemical* reaction as an internal combustion engine of molecular size 
would be impossible; in principle, the best energy inputs would be photons or electrons.
The movements should have large amplitudes in the molecular level systems. The 
operation should bring about observable changes in some property of the system. Ideally 
these are changes that can be probed with various types of spectroscopy. The ability to 
repeat the operation in a cyclic process is an important condition. Thus, the chemical 
change that occurs in the system has to be reversible: isomerization, acid/base reaction, 
oxidation/reduction processes, complexation/decomplexation. The timescale needed to 
complete a cycle can range fi-om nanoseconds to seconds, depending on the nature of the 
components and the type of motions.
1.1.4 Types of Molecular Machines
A distinction between the different types of artificial machines can be made 
depending on whether the parts involved in the motion rotate only about covalent bonds, 
within conventional molecules or whether the components’ parts are associated with 
topological changes within supramolecular complexes such as catenanes and rotaxanes. 
We will focus on supramolecular systems as this is the topic of this thesis. The other 
distinction that can be made is the kind of external stimulus that causes the internal 
movement: chemical, electrochemical, or photochemical, etc.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.2 PSEUDOROTAXANES
1.2.1 Preamble
Pseudorotaxanes are supramolecular complexes that result from the threading of a 
linear molecular component through a cyclic molecular component. This interpenetration 
can be driven by means of different templates directed by different kinds of non-covalent 
interactions. Some examples of suitable templating non-covalent interactions are given in 
the following paragraphs.
1.2.2 Coordination Around a Metal Centre
This was the first kind of interaction exploited'®. Suitably designed macrocylic 
and threadlike species, for example species containing phenanthroline ligands, self- 
assemble upon addition of Cu(I) ions to yield a very stable complex and are therefore 
difficult to de-thread under chemical stimulus.
—o
Figure 1.1 A copperfi) ion with tetrahedral geometry templates the threading of a 
[2]pseudorotaxane by coordinating to two phenanthroline ligands in a perpendicular
arrangement.
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1.23 Hydrogen Bonding Between Ammonium Ions and Crown Ethers
This motif has been employed for the self-assembly of a myriad of different 
supramolecular systems with the main reliance on [N-H+...0] and [C-H...O] hydrogen 
bonding for stabilization^*. Suitably sized crown ethers can form pseudorotaxane 
complexes with appropriate secondary dialkylammonium ions (RiR2NH2) .̂ For example, 
the anthracene-containing RiRaNHa^ ion was added to dibenzo-24-crown-8 (DB24C8), 
and the [2]pseudorotaxane was formed*^ (Figure 1-2). Treatment of this pseudorotaxane 
with base deprotonates the centre, thereby destroying the hydrogen bonding
principally responsible for holding the T.l complex together. The rethreading process can 
be induced by reprotonation of the amino group with trifluoroacetic acid. In this example, 
the anthracene unit incorporated into the ammonium ion is luminescent; it gives a light 
signal as readout. Since the fluorescent exited state of the catechol rings in DB24C8 is 
deactivated by energy transfer to the anfliracene unit of the protonated amine when it is 
held in close proximity to the crown ether, the anthracene unit behaves then as a 
luminescent sensor.
r°luminescent
Figure 1.2 The threading and de-threading of a [2]pseudorotaxane is controlled by the 
acid-base chemistry of a secondary amine functional group.
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1.2.4 Hydrophobic Interactions in Aqueous Solution
An example is the interaction between the long aliphatic chain linking two 
pyridinium dications and the lipophilic cavity of an a-cyclodextrin'^. Protonation of the 
two basic nitrogen atoms of the terminal pyridyl units decreases their hydrophobic 
character therefore, inducing the dethreading of the pseudorotaxane.
1.2.5 Charge-Transfer Complexes
The interactions between K-electron-donor and n -electron-acceptor species have 
been used to prepare a series of complexes with pseudorotaxane geometries^"*. For 
example, the self-assembly of a n: -electron-rich linear component and a % -electron- 
deficient macrocycle yields a family of pseudorotaxanes. These complexes are stabilized 
by a combination of electrostatic and dispersive forces, in particular 1) n - n stacking 
including charge-transfer, face-to-face, and edge-to-face C-H....Tt interactions and 2) C-










Figure 1.3 A [2]pseudorotaxane is formed by incorporating n-stacking interactions 
between n-electron rich and n-electron deficient aromatic rings; accompanied by N +...0  
and hydrogen bonding interactions.
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13 SWITCHABLE SYSTEMS
13.1 A Molecular Lock
This is a term assigned to an inert coordinate bond which becomes labile by 
external stimuli; that is a thermodynamic equilibrium structure can be locked in a 
kinetically stable form by turning off the stimulus*^. A thermally switchable molecular 
lock was developed by Fujita'^, exploiting the dual character of a Pt(II)-pyridine 
coordinate bond which is inert but temporarily becomes labile by thermal stimulus. This 
thermally switchable lock was incorporated into a nanosized cage complex (Figure 1.4). 
When heated the molecular lock is released and the equilibrated structure of the nano­
cage is generated from six metals and four ligands with the aid of a large template guest, 
sodium adamantanecarboxylate. By cooling, the cage framework was locked. The empty 
cage could be obtained in high yield by removing the template.
H2
6
\  Kl i
2̂H, ONOa
N. r N '
Ha
Figure 1.4 A molecular lock is thermally switchable based on exchange of Pt-N bonds 
which are shown to be inert at room temperature but labile at elevated temperatures.
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1.3.2 Cyclic ON:OFF - Unthreading/Rethreading
A simple molecular machine, based on the self-assembly of a novel 
pseudorotaxane has been described by Stoddart, Balzani, and coworkers*^. This machine 
operates by means of chemical stimulus that induces unthreading/rethreading processes. 
The pseudorotaxane represented in Figurel.5 was obtained by self-assembly of the 2,7- 
dibenzyldiazoniapyrene dication with a crown ether. When the thread was added to a 
solution of the crown ether in MeCN, the electron-acceptor dication threads itself 
spontaneously through the center of the macrocyclic ring, which contains two 1,5- 
dioxynaphthalene electron-donating units. It has been shown that this dication forms 
adducts with aliphatic amines presumably as a result of a charge-transfer interactions
R 'NH2 HzN R
2 H 3 N
HjN R
Figure 1.5 A molecular machine is described based on the chemically driven threading 
and unthreading of a [2 ]pseudorotaxane.
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between the electron-accepting cation and the electron-donating amine. The chemical 
affinity of aliphatic amines for the thread was used to unthread the linear component from 
its [2]pseudorotaxane. Changes in the absorption and luminescence spectra were 
observed, upon addition of n-hexylamine to the solution of the pseudorotaxane, showing 
the presence of the free crown and the adduct between the thread and the amine. 
Protonation of the amine disrupts the interaction and induces rethreading.
More complex devices have also been built around this concept in which both the 
dethreading/rethreading of the system and the replacement'* of the thread are possible. 
An 18-crown-6 derivative, which carries a 1,5-dioxynaphthalene moiety, is a ditopic 
compound that can act as a host for alkali metal cations, and as a guest for a tetracationic 
cyclophane to form a pseudorotaxane in the latter case. The tetracationic cyclophane can 
also be the host for two different guests which represents the self-assembly of two 
different [2]pseudorotaxanes in MeCN.
' ' ^ O H
HO
Figure 1.6 A molecular machine is described based on cation recognition which controls 
the threading and unthreading of a [2 ]pseudorotaxane.
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1.4 ROTAXANES AND CATENANES
1.4.1 Preamble
The emergence of supramolecular science has stimulated interest in interlocked 
compounds such as rotaxanes and catenanes, molecular compounds that hold 
considerable promise for use in molecular devices as a consequence of the relative 





Figure 1.7 Cartoons schematically depict the idea of interlocked molecules; the 
rotaxane and the catenane.
1.4.2 Rotaxanes
A rotaxane consists of a dumbbell-shaped component which incorporates one or 
more recognition sites in its rod section and is terminated by bulky “stoppers”, encircled 
by one or more macrocyclic ring components. The components are held together by 
mechanical bonds. An [n]rotaxane incorporates one thread-like component and (n-1) 
rings. A [2]rotaxane can be constructed following one of the three approaches -namely 
clipping, threading, or slipping.
In the case of clipping, the dumbbell -shaped component is preformed and the 
macrocycle is then clipped around it. In the case of threading, the inclusion of the rod­
like component into the cavity of the preformed ring is followed by the covalent bonding 
of two stoppers, which prevents the unthreading of the ring from the formed dumbbell
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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component. In the case of slipping, the macrocycie and the dumbbell-shaped component 
are synthesized separately and then associated thermodynamically with one another under 
the influence of just the right amount of thermal energy (heating the solution). Upon 
cooling the reaction mixture, the macrocycle is obliged to remain threaded on the 
dumbbell as a result of the thermodynamic trap provided by the stabilizing noncovalent 
bonding interactions.
When the [2]rotaxane has two identical recognition sites within its dumbbell 
component, the result is a degenerate co-conformation system in which the macrocyclic 
component can shuttle back and forth along the linear component of the dumbbell, that 
what is called “molecular shuttle”. In the first molecular shuttle^^ a tetracationic 
cyclophane moves back and forth between the two degenerate hydroquinone recognition 
sites on a dumbbell-shaped component approximately 500 times a second in CD3COCD3 
at room temperature as revealed by variable temperature NMR spectroscopy.
acetone 
AG = 44 kJ/mol
Si-O O O O-





o O d -S i
O d  0 -S i
Figure 1.8 A first-generation molecular shuttle containing two degenerate sites on an 
axle for the molecular recognition of a single cationic wheel.
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Although degenerate rotaxanes have the molecular shuttling characteristics, with a 
well-defined dynamic behavior, they cannot act as a switch because of their degenerate 
nature. The next stage of development is the self-assembly of desymmetrized molecular 
shuttles containing two non-degenerate recognition sites in the dumbbell-shaped 
component. In this case, the [2] rotaxane can exist as two different equilibrating 
co-conformations, whose populations reflect their free energies as determined by the 
strengths of the two different sets of non-covalent bonding interactions in the molecule; 
the two states, “state 0” and “state 1” associated with a [2]rotaxane incorporating two 
different recognition sites. Ideally, the molecular shuttle would reside preferentially in 
’’state 0” until a stimulus is applied that switches off the stronger of the two sites, and 
therefore inducing the macrocycle to move to the second weaker site, “state 1”. The 
dynamic properties of these shuttles could be addressed selectively by using an external 
stimulus to induce them to behave as molecular switches.
Stimulus A Stimulus B
S = 0
S = 1
Figure 1.9 A cartoon schematically depicts a second-generation molecular shuttle with 
different sites for recognition. These are translation isomers and can be thought of two 
distinct energy states, S = 0 and S = 1.
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1.4.3 Catenanes
Catenanes can be defined as interlocked molecular compounds in which two or 
more rings are joined together by a mechanical bond. Like rotaxanes, catenanes that have 
two identical recognition sites located within two different macrocycles undergo a 
degenerate conformational change when one of the macrocycles circurarotates through 
the cavity of the other. If one of the two macrocyclic rings carries two different 
recognition sites, then the opportunity exists to control the dynamic processes in a 
maimer reminiscent of the controllable molecular shuttles. The conformational changes 
associated with rotaxanes and catenanes are reminiscent of the mechanical motions of 
some macroscopic machines.
1.4.4 Chemically Controllable Molecular Shuttles
The [2]rotaxane illustrated in Figure I.IO contains the same ring component as 
that present in the original molecular shuttle but its dumbbell-shaped component 
incorporates two different recognition sites, one a benzidine and the other a biphenol 
unit^°. The macrocycle is a rr-electron-deficient unit and the dumbbell is a Tc-electron-rich 
component. This rotaxane exhibits translational isomerism, with the tetracationic 
cyclophane located preferentially on the more ir-electron-rich benzidine unit, 84:16 in 
CD3CN at 229K. The two conformations are stabilized by n-n stacking interactions 
between the bipyridinium units of the macrocycle and the sandwiched n-electron-rich site 
of the linear component, as well as by C-H...O interactions between the a-bipyridinium 
hydrogen atoms and the polyether oxygen atoms. 'H NMR spectroscopy revealed that 
this system can be switched in CD3CN solution by adding CF3CO2D (TFA), which 
results in protonation of the benzidine unit; the tetracationic cyclophane shuttles away
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
from the formed dicationic unit to encircle exclusively the biphenol unit site. By addition 
of pyridine-ds, the benzidine is deprotonated and the original equilibrium is restored.
1.4.5 ElectrochemicaUy Controlled Molecular Shuttles
The [2]rotaxane described above can also be switched by an electrochemical 
stimulus^'. The benzidine unit can be converted to the monocationic radical state after 
electrochemical oxidation and as a result of repulsive electrostatic interactions, the 
macrocycle unit, with its four formal positive charges, moves to the biphenol unit. This 
redox system is completely reversible since electrochemical reduction reinstates the 
original [2]rotaxane.
tk.
0 - !S i-0
SI-O HN 0-1
-e
i-0 HN 0-S i
Figure 1.10 A molecular shuttle containing two non-degenerate sites on an axle for the 
molecular recognition of a single cationic wheel. Occupation and hence movement 
between the two different states (S = 0 and S = 1) can be controlled by chemical and 
electrochemical stimulus.
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Coordination compounds are particularly attractive as components of molecular 
machines whose motions are driven by an electrochemical signal^^. Since the electronic 
requirements of a metal centre can be strongly modified by changing its oxidation state, 
redox-active transition metal complexes are expected to undergo electrochemically 
induced rearrangement of the metal coordination sphere. This is particularly true for 
copper complexes: Cu(I) is usually low-coordinate (CN < 4), whereas Cu(II) is preferably 
square planar or higher coordinate (CN = 5 or 6) .
A rotaxane can be prepared with a ring incorporating a bidentate chelate, and a 
string containing both a bidentate unit and a terdentate fragment, the string being 
threaded through the ring via coordination of both components to the same metal center. 
The system can be switched from four-coordinate (low oxidation state) to five-coordinate 
(high oxidation state) and vice-versa by oxidizing or reducing the transition metal.
Figure 1.11 A molecular shuttle containing two non-degenerate sites controlled by the 
redox chemistry between a tetrahedral Cu(I) ion and a five-coordinate Cu(II) ion.
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1.5 BACKGROUND AND SCOPE OF THESIS
1.5.1 The Bis(pyridiniuin)ethane Axle and 24-Crown-8 Ether Wheel Motif
In the Loeb research group, James Wisner utilized cationic 1,2-bis(pyridinium) 
ethane threads and the 24-crown-8 ethers as building blocks for his interpenetrated and 
interlocked structures'^. This motif exhibits the essential bonding interactions, 
indispensable for the formation of supramolecular structures such as pseudorotaxanes and 
rotaxanes. Among these intermolecular interactions are the N^”'0  ion-dipole interactions 
and the C-H O hydrogen bonding due to the high charge density and polarization of the 
C-H bonds of the central ethylene unit of the axle. In addition, n-stacking interactions 
between the pyridinium rings of the axle and aryl rings on the crown can be introduced to 





Figure 1.12 A bis(pyridinium)ethane cation axle and a 24-crown ether wheel 
complementary and form an interpenetrated molecule; [2 ]pseudorotaxane
1.5.2 Scope of the Thesis
The first part of this thesis describes the synthesis of new [2]rotaxanes formed by 
the association between a pyridinium ethane axle capped on one end by a 
triethylphosphonium group and 24-membered crown ether derivatives. Characterization 
of these compounds including the X-ray structure of the [2]rotaxane containing a 24-
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crown-8 ether wheel are described. The second part of the thesis presents the description 
of a new concept for the synthesis of a degenerate [2]rotaxane molecular shuttle. The 
linear component of the shuttle contains two identical sites of recognition between which 
the macrocycle ring can shunt back and forth. The properties of this compound and its 
dynamic behaviour are investigated.
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Chapter 2
2.1 INTRODUCTION
Numerous [2]rotaxanes have been prepared utilizing crown ether wheels and 
pyridinium containing axles?'^’̂  ̂ In particular, the Loeb group has shown that the 
combination of bis(pyridinium)ethane axles and 24-membered crown ethers is a versatile 
motif for forming [2]pseudorotaxanes,^^ [2]rotaxanes,^® [3]rotaxanes^^ and [2]rotaxane 
shuttles;^* see Figure 2.1 for examples.
r
Figure 2.1 Examples of a [2]pseudorotaxane, a [2]rotaxane and a molecular shuttle 
formed using the bis(pyridinium)ethane axle and 24-membered crown ether motif.
17
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Since trialkylphosphines are easily alkylated to form tetralkylphosphonium salts, 
it was of interest to explore the possibility of incorporating a simple PR4  ̂ group as a 
stopper in place of a pyridinium group in our rotaxane motif. The synthesis of 
triphenylphosphonium-stoppered dibenzylartimonium-based [2 ]rotaxanes has been 
previously reported by Stoddart.^^ The incorporation of these groups allows their 
exchange for different stoppers by using the Wittig reaction.^ Our synthetic target was 
the hybrid, pyridinium-phosphonium axle 2-triethylphosphonium-ethyl-4,4-bipyridium, 
2̂ "̂ , shown as part of a [2]rotaxane in Figure 2.2.
This Chapter describes 1) the preparation of a new class of “P,N-type” axles 
incorporating a phosphonium group, 2) a study of the formation of [2]pseudorotaxanes 
with this axle and 24-membered crown ethers, 3) the synthesis of three [2]rotaxanes, 
including the X-ray structure of the [2]rotaxane incorporating the wheel 24C8 and 4) an 
investigation of the dynamic, potentially “machine-like” switching properties of these 
interlocked molecules.
Figure 2.2 The three target [2]rotaxanes containing a 24-membered crown ether (24C8, 
B24C8 and N24C8) and a phosphonium - pyridinium axle.




1,2-Dibromoethane, 4,4’-bipyridine, triethylphosphine, and dibenzo-24-crown-8 
ether were purchased from Aldrich Chemicals and used as received. All deuterated 
solvents were purchased from Cambridge Isotope Laboratories. All solvents were 
purchased from EM Science. l[Br] and crown ethers 24C8, B24C8, and N24C8 were 
synthesized according to literature methods.^^’̂  ̂ High resolution ESI-MS spectra were 
recorded on a Micromass LCT mass spectrometer in lock mass mode. *H NMR spectra 
were recorded on Bruker Avance 300 and 500 instruments locked to the deuterated 
solvent at 300.1 and 500.1 MHz respectively. All peak positions are listed in ppm relative 
to TMS. Unless otherwise indicated, the reported spectra were recorded at 500.1 MHz.
NMR spectra were recorded on a Briiker Avance 300 spectrometer at 121.49 MHz 
and peak positions listed in ppm relative to H3PO4 (85%). All peak assignments for 
hydrogen atoms were made using standard 2D NMR NOESY and COSY experiments. 
Chemical shifts and coupling constants for certain second order multiplets were 
determined by a full line iteration using the program g-NMR.^^ X-ray diffraction data 
were collected on a Bruker APEX diffractometer with a CCD detector and all solutions 
and refinements performed by Professor S. J. Loeb using the SHELXTL solution package 
from Bruker.
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2.2.2 Preparation of 2-Bromoethyl-4,4’-bipyridiniimi Bromide; 1 [Br|.
4,4’-Bipyridine (5.01 g, 32.07 mmol) and 1,2-dibromoethane (30 mL) were 
combined and heated rapidly followed by adjustment of the temperature to achieve a 
gentle reflux for 45 min. The resulting mixture was then cooled to room temperature, 
filtered and the solid product washed with dichloromethane to remove residual 1,2- 
dibromoethane. The crude product was then combined with EtOH (200 mL), brought to 
reflux for 4 h and then filtered hot through a heated Buchner funnel. After slowly cooling 
the filtrate, yellow crystals formed. These were collected by vacuum filtration and dried 
for an hour to produce pure product. Yield 7.92 g (72%).
Table 2.1 NMR Spectroscopic Data (D2O, 300 MHz) for l[Br].
Proton 5 (ppm) Multiplicity # of Protons Coupling Constants, J  (Hz)
c 3.95 t 2 Hc-Hd = 5.8
d 5.03 t 2 Hc-Hd = 5.7
e 8.96 d 2 He-Hf=6.8
f 8.37 d 2 HrHe = 6.8
g 7.85 d 2 Hg-Hh = 6.3
h 8.69 d 2 Hh-Hg = 6.2
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2.2.3 Preparation of Triethylphosphonium Salts; 2[Br/BF4]z.
2-Bromoethyl-4,4’-bipyridmm bromide (1.00 g, 2.92 mmol) was dissolved in 
acetonitrile (45 mL) and triethylphosphine (6 mL) added to the mixture with stirring. 
The solution immediately turned green in colour. The solution was then heated at reflux 
for 5 days. The mixture was cooled to room temperature and the resulting white 
precipitate collected by vacuum filtration, washed with diethyl ether and air dried. Yield 
874 mg (71%) of 2[Br]2-
P _ y
'  +  0 f ge h
Table 2.2 NMR Spectroscopic Data (D2O, 500 MHz) for 2 [Br]2
Proton 5 (ppm) Multiplicity # of Protons Coupling Constants, J  (Hz)
a 1.27 dt 9 Ha-P = 19.1; Ha-Hb = 7.6
b 2.40 dq 6 Hb-P = 12.7; Ha-Hb = 7.6
c 3.13 m 2 -
d 5.01 m 2 -
e 9.02 d 2 He-Hf=6.6
f 8.43 d 2 He-Hf=6.6
g 7.87 d 2 Hg-Hh = 6.0
h 8.72 d 2 Hh-Hg = 6.0
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The bromide salt of 2 (874 mg) was combined with a saturated aqueous solution 
of NaBp4 (10 mL) and solid NH4BF4 (395 mg). This mixture was gently heated at reflux 
until all the solid had dissolved. The solution was allowed to cool slowly to room 
temperature, stored at 10 °C for 12 h and the beige solid produced isolated by filtration. 
Yield 349 mg (39%) of 2 [BF4]2. NMR: 5 = 39.79 ppm. HR-ESI-MS: Calculated for 
C18H27BF4N2P [M-BF4]  ̂mJz 389.1941, found 389.1946 (1.3ppm).
Table 23  ‘H NMR Spectroscopy (CD3CN, 500 MHz) for 2 [BF4]2
Proton 5 (ppm) Multiplicity # of Protons Coupling Constants,/(Hz)
a 1 .2 9 6 9 Ha-Hb = 7 .7 ; Ha-P = 19.1
b 2 .3 5 8 6 Hb P = 12 .9
c 2 .9 5 14 2 Hc-Hc- =  -1 4 .6 ;  Hd-Hc- =  4 .5  
H c-P = 14 .8
d 4 .8 5 8 2 Hd-Hd’ =  -1 6 .0 ; Hc-Hd = 13.2  
Hd-P =  4 .6
e 8 .9 2 d 2 H e -H f= 6 .8
f 8 .4 1 d 2 H f-H e =  6 .8
g 7 .8 3 d 2 Hg-Hh =  6 .2
h 8 .8 6 d 2 Hh-Hg =  6 .2
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2.2.4 Determinatioii of Association Constant for [2]Pseudorotaxanes; 3a, 3b and 3c
NMR spectra were recorded in CD3CN at 500 MHz for 1:1 mixtures of 
solutions (5 x 10'  ̂M) containing the phosphonium stoppered axle 2[Bp4]2 and a crown 
ether (24C8, B24C8, N24C8 or DB24C8). In each case, the equilibrium was observed to 
be slow on the NMR time-scale allowing for a single-point determination of the Ka by 
integration of the corresponding NCH2 resonances of the ethylene linkage in the axle and 
[2]pseudorotaxane. For instance, in the case of the thread 2 [Bp4]2 and the crown 24C8, 
the integrals for the central methylene protons of the complexed (5 5.07 ppm) and 
uncomplexed (5 4.22 ppm) thread are 0.144 and 0.919 respectively. The original 






= 36.23M- AG“ = -8.89 kJ/mol
Table 2.4 Association Constants (Ka) for [2]Pseudorotaxanes Formed Between the 
Phosphonium Axle 2 [Bp4]2 and Various 24-Membered Crown Ethers
Thread [2]Pseudorotaxane
Crown 5 (ppm) integral 5 (ppm) integral  ̂ (kJ/mo!)
24C8 4.82 0.919 5.07 0.144 36 -8.9
N24C8 4.82 4.696 5.15 1.000 52 -9.8
B24C8 4.82 0.903 5.12 0.203 55 -9.9
DB24C8 4.83 0.992
3a: [2:24C8][BF4]2, 3b: [2:N24C8][Bp4]2 3c: [2:B24C8][Bp4]2
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2.2.5 Preparation of the [2]Rotaxane with a 24C8 Wheel; 4a[BF4]3
Compound 2 [Bp4]2 (100 mg, 0.210 mmol) and 24C8 (1.00 g, 2.84 mmol) were 
dissolved in acetonitrile (10 mL). An excess of 4-t-butylbenzyl bromide (230 mg, 1.01 
mmol) was then added and the yellow solution stirred for 4 days. The solvent was 
removed under vacuum to give an oily orange residue, Et2 0  (10 mL) was added and the 
mixture stirred for 12 h to remove excess 24C8. The diethyl ether was removed by 
decantation and the orange residue dried under vacuum. A saturated aqueous solution of 
NaBp4 (~5 mL) and solid NaBp4 (130 mg) were added and the mixture warmed until a 
clear solution was produced. After cooling to 10 °C for 12 h, the aqueous phase was 
removed and the oily orange residue dissolved in CH2CI2 (~12 mL) and the solution dried 
using anhydrous magnesium sulfate. The mixture was filtered through a pad of cotton 
wool, Celite and MgS0 4 (anA) to give a clear orange solution. The solvent was removed 
under vacuum and the orange residue recrystallized by slow evaporation of a 
nitromethane solution of the product. Yield 110 mg (49%). HR-ESI-MS: Calculated for 
C45H74B2P8N2O8P [M-BP4]  ̂ m/z 975.5241, found 975.5232 (-0.9 ppm). NMR: 
5 = 39.10 ppm.
q s
p. -
0 0 U — ^   /J
* w C w /  '
c g h
.1-3+
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Table 2.5 H NMR Spectroscopic Data (CD3CN, 500 MHz) for 4a[Bp4]3
Proton 5 (ppm) Multiplicity # of Protons Coupling Constants, J  (Hz)
a 1.34 dt 9 Ha-Hb = 7.7; Ha-P = 19.1
b 2.34 dq 6 Hb-Ha = 7.7; Hb-P = 12.7
c 3.24 14 2 Hc-Hc’ = -14.5; Hc-P = 14.6 
Hc-Hd = 4.3
d 5.14 8 2 Hd-Hd’ = -16.0; Hd-P = 4.0 
Hd-Hc’ = 13.8
e 9.39 d 2 He-Hf=6.8
f 8.52 d 2 HfHe = 6.8
g 8.49 d 2 Hg-Hh =6.9
h 9.06 d 2 Hh-Hg = 6.9
i 5 .8 2 s 2 -
j 7 .4 8 d 2 Hj-Hk = 8 .4
k 7 .5 5 d 2 Hk-Hj = 8 .4
1 1 .32 s 9 -




3 2 Hn,-H„ = -11.5;H„,-Hn’ = 6.5 
Hm-H„,. = 1.6
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2.2.6 Preparation of the [2]Rotaxane with a N24C8 Wheel; 4b[BF4]3
Axle 2 [BF4]2 (100 mg, 0.210 mmol) and N24C8 (1.00 g, 2.22 mmol) were 
dissolved in acetonitrile (10 mL). An excess of 4-t-butylbenzyl bromide (221 mg, 0.972 
mmol) was added and the orange solution stirred for four days. The solvent was removed 
by roto-evaporation and diethyl ether (50 mL) added to the residue to dissolve excess 
N24C8 and precipitate the pyridinium salts. The mixture was stirred for 5 min, the solids 
allowed to settle and ether removed by decantation. This process was repeated once 
again, and the residue dried in vacuum. The crude [2]rotaxane was purified by column 
chromatography on silica gel, using a mixture of CH3OH, CH3NO2, and NH4CI {aq, 2M) 
in the ratio 3:1:1 as the mobile phase. The solvents were removed from the fractions 
containing the [2]rotaxane (orange band monitored by TLC), and the residue dissolved in 
water (~20 mL). This was transferred slowly by pipette to a freshly prepared saturated 
aqueous solution of NaBp4 (-10 mL). An orange solid precipitated and was collected by 
vacuum filtration. Further purification was achieved by reprecipitaion with diethyl ether 
from a concentrated acetone solution. Yield 85 mg (35%). HR-ESI-MS: Calculated for 
C53H76B2F8N2O8P [M-BF4]'' m/z 1073.5398, found 1073.5399 (O.lppm). NMR: 5 = 
39.93ppm.
4b
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Table 2.6 NMR Spectroscopic Data (CD3 CN, 500 MHz) for 4 b[BF4 ] 3
Proton 8 (ppm) Multiplicity # of Protons Coupling Constants, J  (Hz)
a 1 .35 6 9 Ha-P = 18.9; Ha-Hb = 7 .7
b 2 .3 7 8 6 Hb-P = 12 .7
c 3 .3 8 m 2 -
d 5 .2 2 6 2 Hd-P = 1 3 .1 ;  Hd-Hd’ =  -1 2 .4 ;  
Hd-Hc =  2 .4 ; Hd-Hc’ =  6 .8
e 9 .3 4 d 2 H e -H f= 6 .8
f 8 .1 3 d 2 Hf-He =  6 .8
g 7 .8 1 d 2 Hg-Hh =  6 .7
h 8 .6 6 d 2 Hh-Hg = 6 .7
i 5 .6 8 s 2 -
j 7 .51 d 2 Hj-Hk = 8.3
k 7 .6 5 d 2 Hk-Hj = 8.3
1 1 .38 s 9 -
t 7 .0 5 s 2 -
u 7 .3 9 m 2 -
V 6 .9 4 m 2 -
m-s 3 . 1 3 - 4 . 3 6 m 2 8 -
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2.2.7 Preparation of the [2]Rotaxane with a B24C8 Wheel; 4c[BF4]3
Axle 2[Bp4]2 (113 mg, 0.238 mmol) and B24C8 (537 mg, 1.34 mmol) were 
dissolved in acetonitrile (10 mL). An excess of 4-t-butylbenzyl bromide (139 mg, 0.612 
mmol) was added, and the orange mixture was stirred for 3 days. The volume of the 
resulting solution was concentrated (~3 mL) by roto-evaporation, and diethyl ether (2 x 
30mL) added to precipitate the pyridinium salts and allow removal of excess B24C8. 
After decanting the solvent, the solid residue was dried under vacuum. The crude 
[2]rotaxane was purified by column chromatography on silica gel, using a mixture of 
CH3OH, CH3NO2, NH4CI {aq, 2M) in the ratio 3:1:1 as the mobile phase. The solvents 
were removed from the yellow fractions containing the product (as monitored by TLC) 
and the resulting yellow solid dissolved in water (20 mL) and this solution transferred 
slowly by pipette to a freshly prepared aqueous saturated solution of NaBp4 (-10 mL). 
The mixture was slightly heated and allowed to cool slowly at 10 °C to precipitate an 
orange solid. Yield 60 mg (23%). HR-ESI-MS: Calculated for C49H74B2F8N2O8P [M- 
BF4]  ̂m/z 1023.5241, found 1023.5262 (2.0 ppm). NMR: 5 = 37.85 ppm.
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Table 2.7 NMR Spectroscopic Data (CD3CN, 500 MHz) for 4 c[BF4 ] 3
Proton 5 (pm) Multiplicity # of Protons Coupling Constants, J  (Hz)
a 1.25 dt 9 Ha-P = 18 .9 ; Ha-Hb =  7 .7
b 2 .2 4 dq 6 Hb-P = 12.7
c 3 .2 6 m 2 -
d 5 .1 8 m 2 -
e 9 .3 8 d 2 H g-H f = 6 .8
f 8 .3 7 d 2 Hf-He ~  6 .8
g 8 .4 9 d 2 Hg-Hh = 6 .4
h 9 .1 7 d 2 Hh-Hg = 6 .4
i 5 .8 6 s 2 -
j 7 .4 9 d 2 Hj-Hk = 8 .4
k 7 .5 5 d 2 Hk-Hj = 8 .4
1 1 .32 s 9 -
t, u 6 .8 1 , 6 .7 4 m 4 -
m-s 4 . 1 2 - 3 . 4 5 m 2 8 -
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2.2.8 Preparation of the t-Butylbenzyl Capped Thread; 5|BF4]3
An excess of 4-f-butylbenzyl bromide (113 mg, 0.499 mmol) and 2 [Bp4]2 (137 
mg, 0.288 mmol) were dissolved in acetonitrile (30 mL) and the solution heated to reflux 
for 12 h. After cooling to room temperature, the resulting yellow precipitate was 
collected by vacuum filtration. Yield 36 mg (18%). Since this initial yield was very low 
and anion exchange to the BF4 salt invariably resulted in a large loss of product, the 
sample for *H NMR spectroscopy was prepared in MeCN-da by simply adding NaBF4 
solid (~100 mg) and filtering any solids. NMR: 5 = 39.97 ppm. HR-ESI MS: 
Calculated for C29H42B2F8N2P [M-BF4]  ̂m/z 623.3144, found 23.3144 (O.Oppm).
Table 2.8 NMR Spectroscopic Data (D2O, 500 MHz) for S[Br]a
Proton S(ppm) Multiplicity # of Protons Coupling Constants, J  (Hz)
a 1 .2 6 dt 9 Ha-Hb = 7.7; Ha-P =  1 9 .0
b 2 .3 9 dq 6 Hb-P =  1 3 .0
c 3 .1 4 m 2 -
d 5 .0 6 m 2 -
e 9 .1 5 d 2 H e -H f= 6 .3
f 8 .5 5 d 2 HrHe = 6.3
g 8 .4 9 d 2 Hg-Hh =  6 .3
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h 9.03 d 2 HhJig = 6.3
i 5.84 s 2 .
j 7.43 d 2 Hj-Hk = 7.9
k 7.56 d 2 Hk-Hj = 7.9
1 1.25 s 9 -
Table 2.9 NMR Spectroscopic Data (CD3CN, 500 MHz) for 5[BF4]3
Proton 5 (ppm) Multiplicity # of Protons Coupling Constants, J  (Hz)
a 1.28 dt 9 Ha-Hb = 7.7; Ha-P = 19.0
b 2.36 dq 6 Hb-P = 13.0
c 2.99 14 2 Hc-P = 14.8; Hc-Hd =13.5;
Hc-Hc’= -14.5; Hc-Hd’= 4.9
d 4.93 8 2 Hd-P = 3.9; Hd-Hd’ =-15.3
e 9.01 d 2 He-Hf=6.5
f 8.48 d 2 Hf-He = 6.5
g 8.43 d 2 Hg-Hh = 7.0
h 8.99 d 2 Hh-Hg = 7.0
i 5.79 s 2 -
j 7.44 d 2 Hj-Hk = 8.0
k 7.54 d 2 Hk-Hj = 8.0
1 1.30 s 9 -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
32
2.3 RESULTS AND DISCUSSION
2.3.1 Synthesis and Characterization of a Triethylphosphonium Thread
The new dicationic thread triethylphosphonium-ethyl-4,4’-bipyridymium, 2̂ "̂ , 
containing a tetralkylphosphonium end group was synthesized in a two step reaction. The 
first step involved the formation of the 2-bromoethyl-4,4 ’ "bipyridinium cation, 1  ̂as the 
bromide salt from commercially available 1,2-dibromoethane and 4,4’-bipyridine. This 
reaction is formally the alkylation of a tertiary amine with an alkyl halide to generate a 





Figure 2,3 The two step synthesis of the phosphonium-pyridinium dication, 2̂ "̂ .
In the first step, 4,4’-bipyridine and 1,2-dibromoethane were brought to a rapid 
reflux for 45 minutes. Isolation of the pure product, l[Br] was achieved by boiling the 
precipitate of the reaction in ethanol for 2-3 hours and then slowly cooling the hot filtered 
solution to give pure crystalline product in 72% yield. The second step involved 
alkylation of triethylphosphme with l[Br] employing a large excess of PEts at reflux in 
MeCN. The product could be isolated by filtration and washed free from residual 
organics with diethyl ether to produce the bromide salt in 2[Br]2 71% yield.
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Anion exchange of 2[Br]i to the tetrafluoroborate salt, 2 [BF4]2, was necessary to 
increase solubility and reduce ion pairing in polar organic solvents such as CH2CI2, 
MeCN and MeN02  normally used for the formation of [2]pseudorotaxanes and 
[2]rotaxanes. Anion exchange was achieved by precipitation from aqueous NaBp4 or 
NH4 BF4  solution.
We also investigated a variation on the successful route described above. This 
involved alkylation of EtaP with 1,2 -dibromoethane as the first step to produce 
[Et3PCH2CH2Br][Br]. However, alkylation of a nitrogen atom of 4,4’-bipyridine with this 
phosphonium ion was not successful.
The new phosphonium thread 2 [Bp4]2 was characterized by and ^'P NMR 
spectroscopy and high resolution mass spectrometry (ESI-TOF). The bromide salt was 
analyzed in D2O, and the tetrafluoroborate salt in MeCN-ds. In the *H NMR spectrum of 
2 [BF4]2 shown in Figure 2.4, the signal corresponding to the methylene protons attached 
to the phosphorus atom is shifted upfield compared to the respective peak in the spectrum
ofr.
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.6 5.0 4.5  4.0  3.5 3.0
Figure 2.4 'H NMR spectrum of the phosphonium thread 2[Bp4]2 in MeCN-da.
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The upfield shift of these protons can be explained by the lower electronegativity 
of phosphorus (2 .1) in comparison to bromine (2 .8), consequently, the protons are more 
shielded from the applied magnetic field. Also, the multiplicity of the signals changed 
from a triplet in 1 ,̂ to a more complicated multiplet in 2^* as a result of coupling to the 
phosphorus nucleus, endorsing the formation of the thread. The aromatic protons seemed 
not to be affected by the presence of the phosphorous atom. The NMR chemical shifts 
are summarized in Table 2.10.
Table 2.10 A Comparison of Chemical shifts and Multiplicities
1" 2^"
Proton 8(ppm) Multiplicity 5(ppm) Multiplicity
XCH2 {X= Br, P) 3.95 t 3.13 (-0.82) m
NCH2 5.03 t 5.01 (-0.02) m
A single peak was observed in the ^'P NMR spectrum at 39.8 ppm, corresponding 
to the single phosphorus atom. This peak is shifted downfield compared to free Eta? at 
-19.2 ppm. This downfield shift confirms the alkylation of PEts into a tetracoordinate 
PR4̂  cation. In fact, all simple PR3 derivatives (R = Me, Et, "Pr, "Bu) are more shielded 
than their corresponding PR4"̂ cations.^^ The phosphonium thread was identified as well 
by high-resolution mass spectrometry where the calculated mass for the singly charged 
ion [M-BF4]'̂  (m/z = 389.1941) differs from the experimental mass (m/z =389.1946) by 
an acceptable 1.3 ppm.
23.2 Formation and Characterization of [2] Pseudorotaxanes
[2]Pseudorotaxanes are formed simply by the complexation of the cationic thread 
by the crown ether wheel in an appropriate solvent. This association is a reversible
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reaction that favors the [2]pseudorotaxane at equilibrium only if one of the reagents is 
used in large excess. Therefore, the amount of pseudorotaxane formed in solution 
depends on the concentrations of the thread and the crown, as expressed in the equation 
of the association constant {Ka).




Figure 2.5 Formation of the [2]pseudorotaxane from 24C8 and the phosphonium
pyridinium thread 2̂ '̂
^  [Pseudorotaxane]
l\.C l — ----------------------------------------------------------------------
[Thread][Crown]
The possibility of complex formation as [2]pseudorotaxanes between the 
synthesized phosphonium thread and various 24-membered crown ether derivatives, 
24C8, N24C8, B24C8 and DB24C8 was considered. A NMR spectrum of a 1:1 
mixture of equimolar solutions (5 x 10'  ̂ M) of the thread and each of the crown 
derivatives at 25°C in MeCN-ds was generated. The rate of association and dissociation 
of the [2]pseudorotaxanes is slow relative to the NMR timescale, as signals for the 
complexed and uncomplexed species were observed simultaneously. Knowing the initial 
concentrations of the components, integration of the complexed and uncomplexed peaks
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determines the concentrations of these species in solution and thus the association 
constant for each complex can be calculated. The central methylene protons of the 
complexed and uncomplexed thread were chosen to calculate the association constant. 
Corresponding chemical shifts are shown in Table 2.11.
Although 24C8, N24C8, and B24C8 showed complexation with the phosphonium 
thread, [2]pseudorotaxane formation, as a function of the association constants, seemed 
limited due to the steric hindrance of the bulky PR4̂  group present on one end of the 
thread. The presence of one benzo or one naphtho group on the crown ether results in a 
minimal increase in the association constant. This could be explained by the 7c-stacking 
interaction between the aryl group of the crown and the pyridinium rings of the thread. 
This interaction helps direct the crown ether in a position favorable for a more stable 
complex. However, the addition of two benzo groups on the crown ether prevents any 
threading whatsoever between the tetracoordinate phosphonium cation and the crown 
ether cavity, due to the increase in the steric hindrance.
Table 2.11 Association Constants {K^ for [2]Pseudorotaxanes Formed Between the 
Phosphonium Axle 2 [Bp4]2 and Various 24-Membered Crown Ethers
Crown Thread [2]Pseudorotaxane
5 (ppm) integral 8 (ppm) integral Ka (AT*) AG° (kJ/mol)
24C8 4.82 0.919 5.07 0.144 36 -8.9
N24C8 4.82 4.696 5.15 1.000 52 -9.8
B24C8 4.82 0.903 5.12 0.203 55 -9.9
DB24C8 4.83 0.992
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2.3.3 Syntheses and Characterization of {2JRotaxanes
Once the association constants of pseudorotaxanes 3a, 3b, and 3c had been 
determined, the synthesis of corresponding [2]rotaxanes was considered. While the 
formation of a pseudorotaxane is an equilibrium between the free components and the 
complexed species, the subsequent benzylation reaction between /-butylbenzyl bromide 
and the nitrogen of the thread to form the [2]rotaxane is irreversible, thus making the 
rotaxane the product of kinetic control.
Three new [2]rotaxanes 4a, 4b, and 4c were formed between the phosphonium- 
stoppered thread 2 IBF4I2 and each of the three crown-ethers 24C8, N24C8 and B24C8. 
The synthesis is a one step reaction, where the macrocyclic component, the linear 
component and the i-butylbenzyl bromide were combined together in acetonitrile and 
stirred for 2-5 days at room temperature.
24C8
Figure 2.6 Synthesis of [2]rotaxane 4a^^ by threading axle 2̂ '̂  with 24C8 to form a2+
[2]pseudorotaxane 3^”̂ followed by stoppering with a bulky t-Bubenzyl group.
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Crown ethers were used in large excess to ensure that the equilibrium is entirely 
driven to the right side of the reaction; the [2]rotaxane side. As such, the [2]rotaxane 
formed by the stoppering reaction, would be the major product. t-Butylbenzyl was chosen 
as the stoppering unit for the capping reaction, as this group had been previously used in 
our research group and confirmed to be sufficiently large to prevent the unthreading of 
the axle from the cavity of the 24 membered macrocycle.^^ t-Butylbenzyl bromide was 
added in a five fold excess to accelerate the benzylation reaction of the thread. 
Acetonitrile was used as the solvent for the synthesis of [2]rotaxanes as it has been 
proven to be more favourable for the pseudorotaxane formation than more polar 
solvents.^^ Also, the lower solubility of the capped thread, a by-product of the 
benzylation reaction, in more non-polar solvent such as MeCN, renders the removal of 
this species by filtration an easy matter as the first step of the product purification. 
Nevertheless, this could also contribute to the low yield of the reaction (23 - 49%), as the 
bromide counterions produced from the benzylation step, can associate with the capped 
thread to give a salt which is quite insoluble in acetonitrile.
Resulting solutions acquired an orange color, typical of this type of [2]rotaxane in 
solution. The colour is indicative of charge transfer between the electron-poor aromatic 
groups of the thread and of electron-rich aromatic rings of the crown by way of n- 
stacking interactions.
The [2]rotaxanes were purified by precipitation with diethyl ether that dissolves 
the excess crown ether. X-ray quality crystals of 4 a[BF4]s were grown by vapor diffusion 
of diisopropyl ether into a concentrated nitromethane solution of the product. Further 
purification of 4b[BF4]3 and 4c[BF4]s was deemed necessary. It was achieved by column
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chromatography over silica gel as the solid phase, and a mixture of CH3OH, CH3NO2 and 
NH4CI (aqueous, 2M) in the ratio 3:1:1 as the mobile phase. The [2]rotaxane was 
collected from the colored fractions after solvent removal by roto-evaporation. The 
bromide ions present in the residue were exchanged to the less coordinating BF4' anion. 
The pure product was precipitated from an acetone solution with diethyl ether.
3.0
LJ
9.5 9.0 8.5 8.0 7.6 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
Figure 2.7 NMR spectra showing; (bottom) the capped axle 5̂ “̂ and (top) the 
[2]rotaxane 3̂ "̂  in MeCN-d3. The inset enlargement shows the methylene resonances of 
the bound 24C8 molecule split into “sides”; P-side/N-side.
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For further comparison between the synthesized rotaxanes and the corresponding 
capped linear component, the stoppered phosphonium thread was capped on the other end 
with r-butylbenzyl bromide incorporated in excess to the acetonitrile solution of 2 [BF4]2 
to yield 18% of the capped free thread 5[BF4]3.
[2]Rotaxanes 4a, 4b, and 4c were fully characterized by and 'H NMR 
spectroscopy and high resolution mass spectrometry (ESI-TOF). Similar to the 
pseudorotaxanes, MeCN-ds was used in the NMR spectral analysis.
Table 2.12 Shift Differences of the Dipyridyl Protons and the Central Methylene 
Protons Between the Capped Thread and the [2]Rotaxanes, (MeCN-ds)
Proton Capped Thread 5̂ "̂ [2]Rotaxane 4a^^ [2]Rotaxane 4b^^ [2]Rotaxane 4c^^
c 2.99 3.24 (+0.25) 3.38 (+0.39) 3.26 (+0.27)
d 4.93 5.14 (+0.21) 5.22 (+0.29) 5.18 (+0.25)
e 9.01 9.39 (+0.38) 9.34 (+0.33) 9.38 (+0.37)
f 8.48 8.52 (+0.04) 8.13 (-0.35) 8.37 (-0.11)
g 8.43 8.49 (+0.06) 7.81 (-0.62) 8.49 (+0.06)
h 8.99 9.06 (+0.07) 8.66 (-0.33) 9.17 (+0.18)
Comparison of the methylene and the dipyridyl proton resonances for the 
stoppered thread 5̂ '̂  with no crown and the corresponding interlocked molecules 4a^^,
4b^^ and 4c"’̂  containing 24C8 N24C8 and B24C8 respectively, confirms the interlocked 
nature of these components and the proposed structures. Protons c and d  of the central 
ethylene unit of the thread shifted downfield as a result of hydrogen-bonding interactions 
with the oxygen atoms of the crown ether. Also proton e of the bipyridyl unit, undergoes 
downfield shifts in the complexed form, as this proton is closest to the positively charged
J+
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nitrogen atom and is hydrogen-bonded to the oxygen of the crown. Upfield shifts were 
observed for protons involved in 71-stacking interactions. Proton /  exhibits upfield shifts 
in 4b and 4c but not in 4a due to the absence of aromatic groups on the 24C8. The 
greatest u-stacking effect was observed in 4b since AS was the greatest in this 
[2]rotaxane. Protons g  and h are only affected by 7c-stacking in 4b, as the naphthyl- 
group on the crown is long enough to extend out towards these protons. The benzylic 
protons I ,  j, k, and I show insignificant change in the chemical shift when the thread 
interpenetrates the crown. This could be explained by the fact that the macrocyclic 
component is mainly located at the recognition site of the thread.
It was clearly noticeable that the *H NMR spectrum of 4a exhibits two distinctive 
peaks at 3.52 and 3.43 ppm (m, n) corresponding to the protons of 24C8 in the 
[2]rotaxane. For fi-ee 24C8, the *H NMR spectrum is a single sharp singlet as all the 
protons are equivalent. The simplest explanation is that the two sides of the 24C8 ring are 
now inequivalent. This is because the interlocked nature prevents interconversion which 
would require unthreading and rethreading and because the two ends of the thread onto 
which the ring is threaded are very different.
23.4 X-ray Structure of the [2]Rotaxane, 4a[BF4]3.
The solid state structure of the [2]rotaxane, 4a[Bp4]3 containing 24C8 was 
determined by X-ray crystallogr^hy. There are four independent molecules in the 
asymmetric unit. A detailed drawing of one of the cationic [2]rotaxanes, 4a^^ is shown in 
Figure 2.8 and the four slightly different orientation of axle and wheel are illustrated in 
Figure 2.9. In all, the phosphonium axle is threaded through the centre of the 24C8 cavity
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and is held in place by an array of C-H.. .O hydrogen bonds from the central ethylene unit 








Figure 2.8 A ball-and-stick representation of the [2]rotaxane, 4a'*'*' showing the atom 
numbering scheme used for X-ray crystallography. Carbon atoms (black) are numbered 
consecutively starting at one of the P-Et groups. Phosphorus (purple), oxygen (red) and 
nitrogen (blue) atoms are numbered appropriately. Hydrogen (gray) atoms involved in 
hydrogen bonding between the two components are shown with dashed lines. Note: This 
is only one of four independent molecules in the asymmetric unit. All four cations are 
shown for comparison in Figure 2.6 on the following page. The four molecules are 
numbered separately; unit values, one hundreds, two hundreds and three hundreds 
respectively (see above).







Figure 2.9 Space-filling CPK-type diagrams of the four independent [2]rotaxanes present 
in the unit cell of 4a[BF4]3. The phosphonium axles are shown in blue and the 24C8 
wheels in red. Hydrogen atoms are shown as pale red and blue.
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Absorption Coefficient (mm'') 
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Final R Indices [I > 2sigma(I)]
R Indices (All Data)
Largest Diff. Peak and Hole (eA'^)


















1.15 to 23.31 
"18 < h < 11,-23 < k <23, "35 < 1 <34 
47619/ 30431 [R„t = 0.0796] 
23.31 (98.0%)
None
Full-matrix least-squares on 
30431 /29/2566  
0.975
Ri =0.1061, wR2 = 0.2777 
Ri = 0.2402, wR2 = 0.3365 
1.059 and -0.468
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Table 2.14 Hydrogen Bonding Parameters for [2]Rotaxane, 4a[Bp4]3.
Molecule H Molecule 2*’
H-Atoms Distance { k f Angle O Distance (A) Angle (°)
a-Py 3.60 (2.75) 152.1 3.21 (2.28) 174.2
3.16(2.27) 160.6 3.32 (2.48) 149.4
NCHs 3.26 (2.37) 152.0 3.27 (2.33) 163.6
3.40 (2.60) 139.7 3.30 (2.41) 151.7
3.55 (2.80) 134.1
PCH2 3.27 (2.33) 163.9 3.34 (2.38) 167.6
3.34 (2.44) 155.1 3.32 (2.38) 164.4
Molecule 3*̂ Molecule 4^
H-Atoms Distance (A) Angle (°) Distance (A) Angle O
a-Py 3.20 (2.27) 174.5 3.66 (2.85) 147.1
3.13 (2.20) 176.1 3.10(2.22) 156.1
NCHa 3.78 (2.85) 163.0 3.25 (2.29) 172.4
3.30 (2.37) 161.4 3.23 (2.44) 138.8
3.34 (2.70) 123.9
PCH2 3.48 (2.54) 163.0 3.33 (2.38) 164.2
3.26 (2.30) 169.7 3.43 (2.47) 169.6
 ̂Molecule 1 is numbered starting at P(l). Molecule 
Molecule 3 is numbered starting at P(201). Molecule 
Distance given are O...C and 0 ...H  in parentheses.
2 is numbered starting at P(lOl). 
4 is numbered starting at P(301).
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23.5 Characterization by High Resolution Mass Spectrometry
There is always a need for the analytical verification of a proposed structure of a 
new molecule. In place of classical elemental analysis, large supramolecular systems are 
often, if possible, analyzed by high resolution mass spectrometry. When accompamed by 
high resolution *H NMR spectroscopy this has become sufficient to unambiguously 
determine the make-up of these large complicated molecules. Since the technique of high 
resolution electrospray ionization mass spectroscopy is relatively new, it is of interest to 
show some of the results for our new [2]rotaxanes synthesized in this thesis. Figure 2.10 
shows the observed and calculated spectrum for the cation [M-Bp4]̂  of the [2]rotaxane 





979971 972 973 977 970974 975 976
fiyz
Figure 2.10 The electrospray ionization time-of-flight mass spectrum for the cation [M- 
Bp4]  ̂of the [2]rotaxane 4a[Bp4]3 (calculated -  top, observed -  bottom).
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2.3.6 The Dynamic Nature of Asymmetric P,N-Type [2]Rotaxane “Machines”
The NMR spectrum of [2]rotaxane 4^^ clearly showed the asymmetric nature 
of the P,N thread even when the crown ether was completely symmetrical; two sides of 
the crown where observable. For the other two [2]rotaxanes and 46̂ "̂ , the situation 
is even more complicated because the crown ether is also asymmetric. This means that 
there are two positional isomers possible depending on the relative orientations of the 
thread and the aromatic rings of the crown ether. The two possibilities are shown in 
Figure 2.11.
Since the room temperature spectra of these [2]rotaxanes only show one set of 
aromatic crown resonances, interconversion between these two isomers must either be 
fast on the NMR time-scale or there is only one isomer present in solution. We have 
termed the process which would interconvert these isomers “flipping” and this 
rudimentary molecular machine a molecular flip-switch.
Two pieces of information are of interest, the rate at which this flipping process 
occurs and the relative distribution of the two possible isomers. A set of variable 
temperature NMR spectra were obtained for 4b[BF4]3 and 4c[BF4]3 in CD2CI2. The 
distribution of isomers were obtained by integration of related peaks of the limiting 
spectrum at low temperature and the rate constants and the activation energy AG’‘ were 
calculated at the coalescence temperature using the following equations^®:
k fc~  2.22 AS 
A G /=  0.01914 Tc[9.972+log(Tc/A6)l (KJ mol'*)














Figure 2.11 H NMR spectra of the aromatic region of the [2]rotaxane 4b[Bp4]3 at 300 
K (top) and 213 K (bottom). The low temperature limiting spectrum shows evidence of 
two isomers; indicated as major and minor.
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Table 2.15 Activation Energy (kJ/mol) for the Flip Switch Exchange Process
Compound Coalescence Concentration Activation Energy Rate at Tc
Temperature (K) Ratio (kJ/mol) (Hz)
4b[Bp4]3 255 15.5:1 48.3 676
4c[BF4]3 246 2.1:1 46.4 716
The major isomer is assigned to the rotaxane with n-stacking between the pyridinium 
rings and the aromatic portion of the crown. The higher proportion of the major isomer in 
the case of N24C8 is probably due to the bigger surface area for 7i-stacking and a possible 
extra interaction between the second N”*” and the electron density of the naphthyl ring. 
This also gives rise to a higher activation energy and a lower rate constant for the flipping 
process.
2.4 SUMMARY AND CONCLUSIONS
A synthetic route to the incorporation of phosphonium ions into 
[2]pseudorotaxanes and [2]rotaxanes was developed. The association constants {Ka’s) 
were measured for a variety of [2]pseudorotaxanes formed with 24-membered crown 
ethers. The low values for association, under conditions normally favourable for such 
interactions, implied that the bulk of the unit is probably a steric impediment to 
threading. In spite of this, [2]rotaxanes could be formed with crown ethers containing 
either one or no aromatic units; a situation which allowed a minimization of the steric 
problem between aromatic ring and PR4~̂ unit.
The asymmetry of the new P,N axle combined with an unsymmetrical crown 
ether resulted in the observation of two conformations of the interlocked molecule 
dependent upon the relative positioning of the aromatic components.
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3.1 INTRODUCTION
As outlined in Chapter 1, the way to convert a [2]rotaxane into a molecular 
machine is to make a [2]rotaxane molecular shuttle by extending the axle to carry two 
recognition sites. The major drawback for the efficient synthesis of a [2]rotaxane 
molecular shuttle is the statistical method employed to produce a [2]rotaxane 
incorporating two recognition sites with only one site occupied.
The proposed system was chosen based on the molecular shuttles described by 
Loeb and Wisner.^* In these molecular shuttles, the dumbbell-shaped component contains 
two bis(pyridinium)ethane binding sites; Figure 3.1. In the case of 6 ^  the sites are 
degenerate and whereas the asymmetry of 7̂ ”̂ produces a non-degenerate system.
Figure 3.1 The Loeb-Wisner [2]rotaxane molecular shuttles 6^  and prepared 
previously by statistical methods.
50
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In this thesis, the target [2]rotaxane molecular shuttle 8^̂  is composed of a 
symmetrical thread that contains two t-butylpyridinium sites resembling one of the sites 
of the previously described system With the statistical method of threading used 
previously, an axle with two recognition sites is combined with a crown ether wheel and 
the [2]rotaxane must be separated from the inevitable side-products; a [3]rotaxane with 
crown ether occupying both recognition sites and the stoppered thread resulting from no 
crown ether incorporation. The best that can be done by this method is to “optimize” the 
[2]rotaxane formation by trial and error. Wisner’s synthesis employed two equivalents of 
crown ether and gave the [2]rotaxanes in 13-19 % isolated yield after extensive 
chromatography to separate the three products.^* It should be noted that similar 
[2 ]rotaxanes with only a single recognition site can be “saturated” with a large excess of 
crown and yields in the 80-90% range have been attained with almost no stoppered thread 
when solubility limits are not reached.^’̂ ’ A new methodology is required to prevent the 
formation of a [3]rotaxane and allow the formation of [2]rotaxane under conditions in 
which an excess of crown ether could be used. This should allow for easier isolation and 
purification of the latter.
-N OV— K N -
^ W /  ^
Figure 3.2 The symmetrical [2]rotaxane molecular shuttle 8"*̂ targeted to be prepared by 
a synthetic new route which eliminates the competitive formation of a [3]rotaxane.




4-^-Butyipyridme was purchased from Aldrich Chemicals and used as received.
All other general methods were as described in Chapter 2.
3.2.2 Preparation of 9[Br]z
Compound l[Br] (500 mg, 1.45 mmol) and 1,2-dibromoethane (5.35 g, 28.5 
mmol) were combined in acetonitrile (10 mL) and heated at reflux for 24 h. The formed 
yellow precipitate was collected by filtration, washed with diethyl ether and dried. Yield 
312 mg (41%).
Br
Table 3.1 *H NMR Spectroscopic Data (D2O, 500 MHz) for 9[Br/BF4]2
Proton 5 (ppm) Multiplicity # of Protons Coupling Constant, J(Hz)
t 4 Hd-He = 5.5
t 4 He-Hd = 5.5
d 4 Hf-Hg = 6.7
d 4 Hg-Hf=6.7
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3.2.3 Preparation of [2]Rotaxane Molecular Shuttle; 8 [BF4 ] 4
9[Br]2 (1.02 g, 1.92 mmol) and NaBp4 (1.07 g, 9.81 mmol) were combined in 
water (20 mL). 4-r-Butylpyridine (2.3 mL, 15.0 mmol) and DB24C8 (2.06 g, 4.59 mmol) 
were mixed together in nitromethane (20 mL). The two solutions were combined together 
and the resulting mixture stirred for 25 days at room temperature. The C H 3N O 2 layer was 
separated and washed with water (2 x 12 mL) and dried with anhydrous magnesium 
sulfate, which was removed by filtration. The solvent was removed by roto-evaporation 
and the residue dissolved in acetonitrile. A brown solid precipitated out of solution was 
determined to be the stoppered thread {i.e. with no crown), and was separated by 
filtration. Diethyl ether (2 x 20 mL) was added to the solution to precipitate the 
pyridinium salts and allow removal of excess DB24C8. The crude product was then 
chromatographed on Silica pre-coated TLC sheets with C H 3O H : C H 3N O 2: NH4CI {aq, 
2M) (3:1:1) [Rf = 0.52]. The orange band formed was removed from the sheet and 
dissolved in the solvent mixture. Silica was isolated by vacuum filtration, and solvents 
were removed by roto-evaporation. The residue was then dried in vacuum. CH3NO2 (15 
mL) and saturated aqueous NaBp4 solution (15 mL) were added to the product; and the 
mixture stirred for 12 h. The C H 3N O 2 layer was then separated and washed with water (2 
X 10 mL). The extraction with a saturated NaBp4 solution was repeated twice. Purification 
of the residue was achieved by precipitation with diethyl ether from a methylene chloride 
solution of the product. Purther purification was achieved by slow evaporation of a 
concentrated methanol solution. Yield 300 mg (12.5%). HR-ESI-MS: Calculated for 
C56H74B3P12N4O8 [M-BP4]  ̂m/z 1191.5594, found 1191.5565 (-2.5ppm).




Table 3.2 'H NMR Spectroscopic Data (C D 3C N , 500 MHz) for 8 [Bp4]4
roton 5 (ppm) Multiplicity # of Protons
a 1.33 s 18
b 7.98 broad 4
c 8.84 broad 4
d 5.29 broad 4
e 5.38 broad 4
f 9.13 broad 4
g 8.09 d (J  -  6.7 Hz) 4
j 6.70 m 4
k 6.65 m 4
m, n 3.96-4.12 m 24
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Table 3.3 NMR Spectroscopic Data (CD2CI2, 500 MHz) for 8 [Bp4 ] 4
Proton 8 (ppm) Multiplicity # of Protons
a 1.31 s 18
b 7.86 broad 4
c 9.03 d(J= 6 .1  Hz) 4
d 5.28 broad 4
e 5.36 broad 4
f 9.23 broad 4
g 8.46 broad 4
j 6.72 m 4
k 6.67 m 4
1, m, n 3.90-4.01 m 24
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3.2.4 Isolation and Characterization of the Stoppered Thread IOIBF4I4
The stoppered thread was obtained as a by-product in the reaction mixture during 
the synthesis of the [2]rotaxane shuttle. It was isolated and characterized by 'H NMR 
spectroscopy.
10"
Table 3.4 *H NMR Spectroscopic Data (CD3CN, 500 MHz) for 10[BF4]4
Proton 5 (ppm) Multiplicity # of Protons Coupling Constant,
a 1 .3 2 s 18 -
b 8.10 d 4 Hb-Hc =  6 .7
c 8 .6 2 d 4 Hc-Hb =  6 .7
d 5 .1 0 t 4 H e -H d = 1 3 .3
e 5 .1 9 t 4 Hd-He=13.3
f 8 .9 6 d 4 Hf-Hg = 6.6
g 8 .5 0 d 4 H g -H f= 6 .6
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33  RESULTS AND DISCUSSION
33.1 A New Methodology for the Synthesis of a Molecular Shuttle
Synthesis of the [2]rotaxane molecular shuttles 6^  and 7̂ "̂  was carried out by 
preparing first the linear dumbbell-shaped components already containing the two sites 
for complexation. The crown ether ring was then added to the thread solution and the 
synthesis completed by capping the thread with the stoppers. One drawback of this 
methodology is the formation of [3]rotaxane combined with the [2]rotaxane whenever the 
crown ether is present in excess.^*
A new methodology was investigated for the formation of a symmetrical 
[2]rotaxane molecular shuttle. This method avoids the formation of a [3]rotaxane. The 
originality of this method resides in using the intermediate 9̂  ̂containing two bromoethyl 
groups attached to a single 4,4 ’-bipyridinium unit. This central unit is prepared from the 
reaction of l[Bp4] with 1,2-dibromoethane in acetonitrile at reflux. Synthesis of the 
[2 ]rotaxane 8 [Bp4]4 was achieved by reacting 9̂  ̂with three molar equivalents of the 
DB24C8, to ensure production of pseudorotaxane in solution, and eight molar equivalents 
of 4-r-butylpyridme. The reaction was performed in a two-phase nitromethane/water 
solvent system. This permits the initial addition of NaBF4(s) to the aqueous phase to aid 
exchange counterions from bromide to Bp4‘ and eliminates solubility problems.
MeCN
Figure 33  Double alkylation of 4,4’-bipyridine produces the linear component 9̂ "̂ .
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The bromoethane units of 9̂  ̂were considered good candidates for reaction with 
the nucleophile 4-i-butylpyridine to create a bis(pyridinium)ethane recognition site. This 
also constitutes the first stopper for one end of the thread. Once this first alkylation 
occurs, a DB24C8 molecule can then interact with the created recognition site producing 
an intermediate [2]pseudorotaxane. The excess i-butylpyridine can then react with the 
other end of the thread creating a second binding site for the crown ether. However since 
this constitutes a stopper, the threading of a second crown cannot occur and the 
interlocked structure remains trapped as a [2 ]rotaxane; a molecular shuttle.
The [2]rotaxane molecular shuttle 8^̂  was initially purified by dissolution in 
acetonitrile that allows the precipitation of the charged stoppered thread (a by­
product of the reaction) rendering its removal by filtration an easy step. Further 
purification was achieved by chromatography. The [2]rotaxane was collected from the 
orange band after solvent removal by roto-evaporation. The halide ions present in the 
residue were exchanged to the less coordinating Bp4' anions. The pure product was 
precipitated from a concentrated methylene chloride solution with diethyl ether and 
fiirther recrystallized from methanol.














Figure 3.4 The synthesis of [2]rotaxane, molecular shuttle 8*̂  ̂by stepwise formation of 
the recognition sites in the presence of DB24C8.
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3,3.2 Characterization of the Molecular Shuttle
The shuttle 8[Bp4]4 was characterized by NMR spectroscopy and high 
resolution mass spectrometry. In the room temperature *H NMR spectrum, a single set of 
broad peaks that correspond to the protons of the central ethylene units and the 
bipyridinium rings were observed. The broadening of the signals confirms that the crown 
ether is in fast exchange between the two bonding sites on the NMR time scale. These 
peaks represent the average of the two sets of signals that would be expected. If the rate 
of the crown shuttling between the two sites was slow relative to the NMR time scale, 
individual signals from occupied and unoccupied sites would be discemable. Peaks 
assignments as shown in Fig. 3.5 are made using standard 2D NMR COSY experiment.
8.69.4 9.0 8.2 7.8 7.4 7.0 6.6 6.2 5.8 5.4 5.0 4.6 3.84.2
Figure 3.5 Partial NMR spectrum of 8 [Bp4]4 in MeCN-ds at room temperature..
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In comparison to the free stoppered thread 10"̂ ,̂ the NMR spectrum of the 
interlocked structure 8'*̂  exhibits downfield shifts for protons c, d, e, and/as a result of 
hydrogen bonding with the oxygen atoms of the crown. Protons b and g  were shifted 
upfield due to the n-stacking interactions with the aryl rings of the crown ether. The %- 
stacking effect was greater for proton g  than b, due to the hindrance caused by the t-butyl 
group of the pyridinium stopper. The aryl crown ether protons are similarly shifted 
upfield due to the Ji-stacking interactions upon complexation, and OCH2 protons, /, m, n 
exhibit downfield shifts as they are involved in hydrogen bonding interactions.
Table 3.5 Shift Differences of the Aryl Rings Protons and the Central 
Methylene Protons For the Capped Thread and the [2]Rotaxane, (MeCN-ds)
Proton Capped Thread 10'*'̂ [2]Rotaxane A8 (ppm)
a 1.32 1.33 0.01
b 8.10 7.98 -0.12
c 8.62 8.84 0.22
' d 5.10 5.29 0.19
e 5.19 5.38 0.19
f 8.96 9.13 0.17
g 8.50 8.09 -0.41
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The proposed structure of the new molecular shuttle 8 [Bp4]4 was verified as well by high- 
resolution mass spectrometry analysis. Figure 3.6 shows the observed and calculated 
spectrum for the cation [M-Bp4]̂  of the [2]rotaxane 8 [Bp4]4 (that is M = the exact mass 
o f8 [BF4]4)
ID O i 












1 1B 2 119B1 1 8 4 11B 6 1 18B 1 1 9 0 1 1 9 61 1 9 2 1 1 9 4
mfi
Figure 3.6 The electrospray time-of-flight mass spectrum for the cation [M-BF4]  ̂of the 
[2 ]rotaxane 8 [BF4]4 (calculated -  top, observed -  bottom).
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3 3 3  Dynamic Behavior of the Shuttle
In order to observe clearly the two sets of signals that represent the protons of the 
ethylene units, the bipyridinium center, and the r-butyl groups, when the crown ether is 




Figure 3.7 Partial ‘H NMR spectra of the 8 [Bp4]4 in MeCN-ds at 243K and 303K.
As seen in Figure 3.7, the spectrum of the [2] rotaxane shuttle 8 [Bp4]4 at 303K 
exhibits only one set of signals that represent the average of the protons of the two sites.
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as the crown is in fast shuttling motion between the two stations at high temperature. At 
low temperature (243K), the NMR spectrum shows however, the two sets of peaks 
representing the occupied and unoccupied sites, as the motion of the crown is now slow 
relative to the NMR time scale due to the lower temperature.
The VT NMR data was also used to determine the rate constant of the shuttling 
motion by simulation using the program g-NMR.^^ The resonances of the methyl units on 
the r-butyl pyridinium rings were used for the simulation. The signal to noise ratio of 
these signals is higher than the others, as the methyl signal is caused by 18 protons at 
room temperature and by 9 protons at low temperature. Figure 3.8 illustrates the methyl 
peaks generated by the VT NMR experiment (left) and the corresponding peaks 
generated by full line shape iteration using the g-NMR software (right) at various 
temperatures. The separation of the single peak into two isomeric resonances is clear at 
low temperature. The rate constant of the shuttling motion is then generated at each 
temperature from the g-NMR simulation. The rate constants from the VT NMR 
simulation of the shuttling of the crown between the two possible sites are plotted as the 
natural log of K versus the reciprocal of the temperature (Figure 3.9). The slope of the 
line of best fit represents the free energy of activation. An Arrhenius plot of Ink vs. 1/T is 
shown in Figure 3.9.









/  V 303 K
 1 1 1------
1.40 1.35 1.30 1.25
■ni I I I
1.40 1.35 1.30 1.25
Figure 3.8 Experimental and simulated NMR spectra of t-Butyl peaks for the 
molecular shuttle 8 [Bp4 ] 4  in MeCN-ds.








2.0  - y = -6855.3X + 31.072 
r2 = 0.9948
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1/T fK ’l
Figure 3.9 An Arrhenius plot for 8[Bp4]4 based on the VT NMR data in MeCN-da.
It was of interest to investigate the effect of the solvent on the rate of this 
molecular shuttling exchange of the crown between the two sites. The variable 
temperature NMR spectroscopy study was repeated in dichloromethane. The rate was 
determined in the same manner. It was found that the shuttling motion of the crown from 
one site to the other is faster in CH3CN than in CH2CI2. This is related to the polarity of 
the solvent and its ability to compete with the non-covalent interaction which holds the 
two interlocked components in place as these must be broken for shuttling to occur. The 
hydrogen-bonding would expected to be stronger in CH2CI2 thus making the shuttling 
more difficult and hence slower. Table 3.6 contains the values of the free energy of 
activation of the shuttling in acetonitrile and dichloromethane.
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Table 3.6 Free energy of activation 




Furthermore, a comparison of the activation parameters of 6^ , and 8^̂  was 
carried out using the VT NMR data supplied from the experiments performed in MeCN- 
ds. It was felt that in order to have a valid comparison, the activation energy for 8^̂  
needed to be determined in the same manner as it was for 6^  and 7̂ "̂ .̂ * The free energy 
of activation, for the shuttle 8"*̂ was determined using the following equation;
AGc^= 0.01914 Tc[9.972+log(Tc/A5)] (KJ mol'^) 
where Tc is the temperature of coalescence and A5 is the difference in the frequency (Hz) 
between the two sites in the absence of exchange. Table3.7 summarizes the activation 
parameters for the three shuttles 6^ , 7^ ,̂ and 8^̂ .
Table 3.7 Summary of activation parameters for shuttles 
6^ , and 8^̂  in MeCN-dj.
Compound r,(K ) A5(Hz} AG/(kJ mol'*)
6 293 144 57.5
7 273 100 54.3
8 269 101 53.5
Although the difference in the free energy of activation was not significant 
between shuttles 6^ , 7̂ '̂  and 9^ ,̂ a trend however, of the relationship of A G / to the type
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of recognition site is evident. It is noticeable that the free energy of activation decreases 
with the increasing number of r-butyl pyridinium rings attached directly to the binding 
sites from none in shuttles 6^  to one unit in 7̂ "̂  to two rings in 8̂ .̂ This could be 
explained by the steric effect of the bulky t-butyl group, rendering the stacking of the 
benzo unit of the crown ether with the pyridinium unit more difficult and thus making the 
shuttling of the crown away from this site faster.
Interestingly, the original molecular shuttle prepared by Stoddart (Figure 1.8) had 
a measured free energy of activation of 44 kJ/mol in acetone.*’ Although there are 
differences in solvent and molecular structure, this is certainly in the range observed for 
our systems described in this chapter.
33  SUMMARY AND CONCLUSIONS
A new concept for the synthesis of [2]rotaxane molecular shuttles was 
successfully achieved. This concept prevented the formation of [3]rotaxane molecules 
along with the[2]rotaxane even though the crown ether was used in excess.
Molecular shuttle 8^  ̂was characterized by * H NMR spectroscopy and by mass 
spectrometry. The analysis of the [2]rotaxane 8̂  ̂revealed that the crown ether threaded 
on to the linear axle and shuttled back and forth between the two possible sites of 
complexation. The low temperature NMR experiment showed the two sets of resonances 
representing the occupied and unoccupied sites. The frequency of the shuttling motion 
and the free energy of activation were determined from the VT NMR data using a full 
line shape simulation. The activation parameters determined in two solvents proved that 
the rate of exchange’of the crown between the two possible sites is faster in CHgCN than 
in CH2CI2.
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Although this system does not possess the potential for the design of the so-called 
molecular machine, due to the symmetry of its components; both the axle and the wheel, 
the new methodology for exclusively forming the [2]rotaxane molecular shuttle was 
proven to be valid.
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